A systematic study of total fusion involving the weakly bound nuclei 6, 7 Li with several light to heavy mass targets at Coulomb energies is presented. Emphasis is given to the role of resonance states (l = 2, J π = 3 + , 2 + , 1 + of 6 Li and l = 3, J π = 7/2 − , 5/2 − of 7 Li) on the total fusion excitation function. A comparative analysis of the effects of resonant breakup on total fusion is performed for both projectiles, using the Continuum-Discretized Coupled-Channel (CDCC) framework. The calculations demonstrate that (i) resonant breakup couplings play a more important role in total fusion than non-resonant couplings, (ii) resonance states with short half-lives are very important for total fusion, as incident energies decreases towards the Coulomb barrier energy where incomplete fusion dominates, and (iii) resonance states with long half-life act as quasi-bound inelastic states, playing a crucial role in complete fusion. PACS numbers: 24.10Eq, 25.60Pj, 25.60Bx, 25.60Gc 
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I. INTRODUCTION
Reaction mechanisms in collisions of weakly bound projectiles with stable targets have been intensively investigated in the last decade [1] [2] [3] [4] [5] [6] [7] . In particular, fusion and breakup reactions induced by these projectiles have been studied both theoretically and experimentally. Among the most studied weakly bound projectiles are, stable 6, 7 Li and 9 Be, and unstable 6, 8 He, 7, 11 Be, 8 B and 17 F nuclei, in collisions with diverse stable targets, ranging from 7 Li to 238 U. In these studies, the effects of breakup of the projectile on other reaction channels, such as elastic scattering and fusion, have received close attention, as these effects can be very pronounced. Since the intensities of weakly bound stable beams are several orders of magnitude larger than those presently available for exotic beams, measurements with stable weakly bound nuclei have dominated the experimental studies. Most experiments determine fusion and elastic scattering cross sections because direct measurements of breakup yields are very difficult to carry out. However, by using coincidence techniques, exclusive breakup yields have been measured for the system 6 Li+ 59 Co [8, 9] , not only for elastic breakup but also for sequential breakup from several transfer/pick up mechanisms.
The breakup of projectiles with low binding energies produces strong effects on fusion, leading to specific fusion processes. For instance, complete fusion (CF) occurs when the whole projectile is captured by the target. However, CF can be direct when fusion takes place without * arturo.gomez@inin.gob.mx a previous breakup, or sequential when all of projectile fragments are captured after breakup. When some fragments are captured while others escape, the process is called incomplete fusion (ICF). Total fusion (TF) refers to the sum of CF and ICF. Non-capture breakup (NCBU) happens when none of the breakup fragments is captured by the target nucleus. Certainly, a realistic evaluation of the effect of breakup on fusion must take into account couplings to all of the collective degrees of freedom involved in the reaction. For instance, NCBU can be elastic, in which the fragments interact elastically with the target, or can be inelastic. In this case, inelastic excitations of the target and/or projectile (prior to breakup) are produced. All of these processes are schematically represented in Ref. [10] , in which the ICF cross section is interpreted as a part of the inclusive, non-elastic breakup cross section.
The effect of breakup (direct and sequential) on complete and total fusion has been strongly debated in recent years [8, 9, [11] [12] [13] [14] . It has been established that CF for several weakly bound nuclei in reactions with heavy targets becomes suppressed at energies above the Coulomb barrier. This suppression has been widely associated with the low threshold energies for breakup, resulting in the loss of flux of intact nuclei at the Coulomb barrier radius, as breakup of the projectile occurs at distances beyond the radius of the Coulomb barrier. However, at subbarrier energies, reaction mechanisms involving weakly bound nuclei may be more complex. This is because breakup of short-lived projectile-like nuclei (after transfer of nucleons) is also an important process that may predominate over the direct breakup of incident projectiles, whereby CF becomes enhanced [15] [16] [17] [18] . For example, for the two-body nuclei 6 Li (α − d) and 7 Li (α − t), recent measurements [15] have established that signifi-cant breakup of 6 Li is triggered by either neutron transfer to targets, leading to sequential p − α breakup of the projectile-like nucleus 5 Li, or d-pickup by 6 Li, leading to sequential breakup of 8 Be → α + α. For 7 Li, important breakup intensities have been observed for p-pickup, leading to α + α coincidences, and 2n-stripping, leading to sequential p + α breakup. Direct breakup of 6, 7 Li also has a significant effect on fusion at low energies, mainly by its contribution to ICF. Since ICF becomes increasingly relevant with decreasing incident energies, the direct breakup process inhibits CF.
The CDCC method [11] [12] [13] [14] [19] [20] [21] is commonly used to quantify the impact of continuum breakup states on reaction observables. In this approach, the continuum wave functions describing the projectile breakup are grouped in bins that can be treated as usual bound inelastic states, as they are described by square-integrable wave functions. The effects of continuum couplings on other reaction processes, such as elastic scattering and fusion, have been studied for many heavy-ion systems. For instance, fusion of 6, 7 Li with 59 Co and 209 Bi [22] targets and fusion of 11 Be with 208 Pb [23] . In reactions of the halo 11 Be with 209 Bi, total fusion has been calculated by the absorption of the center-of-mass of 11 Be. Since breakup occurs mainly by 11 Be → 10 Be+n, thus capture of the center-of-mass of 11 Be implies the absorption of 10 Be, which carries most of the mass and charge of 11 Be. However, this is not the case for nuclei such as 6, 7 Li, for which the main direct breakup channels are 6 Li → α + d and 7 Li → α + t. In both cases, the fragment masses are not so different, thus fusion cannot be calculated by the absorption of the center-of-mass of 6, 7 Li. For this reason, two short-range absorption potentials were used to account for capture of α and d for 6 Li or α and t for 7 Li [22] . In this way, the calculated total fusion includes CF (both direct and sequential) when both fragments are inside the region of the two absorptive fusion potentials. Similarly, ICF is accounted for when only one fragment is in the respective fusion absorption region while the other fragment is outside and survives the capture process. Although, in the CDCC model, couplings from the elastic channel to breakup and inelastic states of reaction partners can be included [24] , it has a serious drawback because an explicit separation of CF and ICF is not possible without ambiguity, and only TF can be calculated unambiguously [25] . Recently, some efforts have been done for the simultaneous calculation with CDCC of CF and ICF [26] [27] . Notwithstanding, some ambiguity still remains as to whether the absorption of a given fragment comes from CF or ICF process. More transparent calculations, within classical [28, 29] and quantum mechanical [30] methods, have been proposed to unambiguously separate CF and ICF. For instance, the classical dynamical reaction model described in Refs. [28, 29] and implemented in the PLATYPUS code [31] . This model unambiguously determines CF and ICF contributions to TF. The contributions to CF and ICF from sequential and direct breakup processes are explicitly calculated [32] . However, this classical model cannot treat subbarrier fusion determined by quantum tunneling.
The effect of breakup of weakly bound nuclei on elastic scattering has also been a subject of intense research in recent years. Among the most studied cases are elastic scattering of 6, 7 Li projectiles with targets of diverse masses. 6, 7 Li have resonance states: l = 2, J π = 3 + , 2 + , 1 + for 6 Li and l = 3, J π = (7/2) − , (5/2) − for 7 Li. Resonance states, due to their definite half-life, may have particular effects on both elastic scattering and fusion. For instance, the effect on elastic scattering from resonance and nonresonance continuum states of 6 Li with targets 28 Si, 58 Ni, 144 Sm have been presented in Refs. [33, 34] . The CDCC calculations show that couplings among continuum resonance states of 6 Li produce stronger repulsive polarization potentials than those for nonresonance states. It was found that, couplings to resonance states produce strong incident flux absorption, particularly at backward angles and for energies around the barrier. On the other hand, the study of the effect on TF from resonance and nonresonance couplings, for the same projectile 6 Li on targets 28 mainly by the excitation of the 3 + resonance. Hence, this resonance may have important effects on fusion. However, nucleon-transfer followed by breakup processes of projectile-like nuclei (transfer triggered breakup) have important yields. Recent calculations based on the classical dynamical model with stochastic breakup [32] , address the impact of prompt and delayed breakup of 6 Li on ICF, showing that the contribution to ICF from excitation of the 3 + resonance is negligible. These results are explained in terms of the long half-life of this resonance respect to the 2 + and 1 + ones.
In the present work, we discuss comparative and systematic CDCC calculations on the effect on TF, of couplings to resonance states of the weakly bound nuclei 6, 7 Li, in collisions with 27 Al, 28 Si, 59 Co, 144 Sm, 198 Pt and 209 Bi targets. The main purpose is to understand the role of resonance states of the projectiles in the dynamics of prompt and delayed (direct) breakup, and how these states affect TF at energies around the Coulomb barrier. In the calculations of TF, and as to determine the effect of a given resonance or a group of them, couplings to these states are omitted from the full discretized CDCC breakup space. So, by comparing these results with those with the full space, the effects can be obtained. On the same footing, corresponding effects from nonresonance states can be calculated by considering only couplings within the resonance sub-space. In the calculations, the main breakup (direct) channels for 6, 7 Li are assumed to be α − d and α − t, respectively. TF is determined using two short-range, imaginary fusion potentials for the interactions between the fragments and the targets [22] .
The paper is organized as follows. Section II presents the results of the calculations of TF and the effects of resonance and nonresonance states. Also, the particular effects of long as well as, short lived resonances on TF are discussed. Finally, a summary is given in section III.
II. TOTAL FUSION AND EFFECTS OF RESONANCE AND NONRESONANCE STATES
A complete description of the CDCC formalism is given in Refs. [19] [20] [21] . Also, a formal description of how the CDCC is used to study the effects of resonance states on elastic scattering is presented in Refs. [33, 34] . The coupled-channel equations for any radial wave function ψ P β (r) of the projectile in the excited state β and the target in its ground-state Φ T 0 are,
In this equation, J and E are the total angular momentum and collision energy, respectively. 0 represents the energy of the ground state of the target, while ε β , the energy of the ground or any discrete breakup state β of the projectile. U
β,β are the diagonal (β = β ) and nondiagonal (β = β ) coupling matrix elements given by,
where u β (r) are the normalized square-integrable wave functions known as bin states [19, 33, 34] . Integrations in Eq. (2) are performed over the relative vectors r, so that the matrix elements only depend on the separation, R, between the target and the projectile. For 6 Li, these vectors are related by r αT = R + (1) are solved numerically with the usual scattering boundary conditions using the FRESCO code described in Ref. [37] . Total fusion cross section, σ T F , is determined by the inclusion of two short-range imaginary potentials W (r d(t)T ) and W (r αT ) for the absorptions between the fragments with the target. That is,
T F , where the partial cross section reads,
where v is the incident relative projectile-target velocity. For 6 Li, the relative vectors are given by r αT = R + 4 6 r and r dT = R − 7 Li → α + t, are constructed by using the α − t interaction of Ref. [22] . For energies around the barrier, discrete breakup states are constructed (relative to the threshold energy E thres = 2.47 MeV) from an initial energy ε min = 0 MeV up to a maximum energy ε max = 6.8 MeV, where convergence is achieved. For energies well above the barrier ε max = 8.0. The maximum relative angular momentum between the fragments α and t is set to l = 3. Higher values do not have an effect on the convergent calculations. Bin widths are conveniently modified in presence of resonance states l = 3, J π = 7/2 − , 5/2 − . Finer discretization steps ∆ [22] should be assumed as to avoid double-counting and to obtain centroid resonance energies and widths close to the experimental values, ε 7/2 − = 2.16 MeV, Γ 7/2 − = 0.093 MeV, ε 5/2 − = 4.21 MeV and Γ 5/2 − = 0.88 MeV.
As in the case of 6 Li [38] , two short-range absorption potentials W αT and W tT are used for the interactions between the fragments α and t with the target T . The parameters of these volume Woods-Saxon potentials are the same for both fragments and for all the targets. These are set to W 0 = −50 MeV, diffuseness a 0 = 0.1 fm and reduced radius r 0 = 0.8 fm. The potentialsV αT andV tT of Eq. (2), include Coulomb and nuclear parts. As for the nuclear part, the free-parameter double folding SPP [39, 40] is used for the interaction between the α-particle and target, while the Winther potential [41] for tritium and target.
Results. The results of CDCC calculations for total fusion cross sections for 7 Li with targets 27 Al, 59 Co, 144 Sm and 209 Bi are shown in Fig. 2 . The TF calculations (solid-lines) of Figs.2a-2d, show that couplings to continuum breakup states of the projectile suppress fusion respect to those calculations without couplings (dottedlines), particularly for energies above the barrier V B . The elastic channel calculations, i.e., without couplings to continuum states, correspond to fusion through the elastic channel in which only the term U (J) 0,0 (R) (β = 0 of Eq. (2)) is considered. In Fig.2 , it is also observed that as the collision energy approaches the barrier, the effect of breakup couplings becomes negligible. This behavior differs from that for the 6 Li projectile, for which an appreciable effect is still present at energies below the barrier [38] . This fact can be due to the smaller breakup threshold of 6 Li (1.47 MeV), so that as the collision energy decreases, an appreciable breakup probability remains. The disagreement between the calculations for σ T F with the data, as observed for 27 Al, 59 Co at the higher energies, and 144 Sm, 209 Bi at the lowest energies may be due to two factors: (a) The use of global projectile-target nuclear interactions and (b) the effect of sequential, transfer triggered breakup mechanisms, as well as, couplings to excited states of the target. Couplings to the latter states are not considered in the present calculations. For instance, for 7 Li + 209 Bi, it was suggested in Ref. [22] that the triton-transfer channel may be very important for explaining the experimental total fusion cross sections at energies around the Coulomb barrier. Very recent measurements [42] have confirmed the importance of this channel for the yield of specific incomplete fusion products. In fact, the impact of this channel on the CF cross sections can be quantified with the novel approach suggested in Ref. [10] .
To determine the effects on fusion of resonance states l = 2,
Li, the same procedure is followed as in Ref. [38] . That is, the effect of a given resonance (or group of resonances), is calculated by omitting all bin states of that resonance (resonances) from the full discretized breakup space. This is equivalent to disregard the couplings to these states in Eq.(3). The effect is given in terms of Γ i defined by,
where σ T F is total fusion with all couplings in the full breakup space included. σ i , i = R is the fusion calculation when resonance (i = R) states are considered but nonresonance states are omitted. The opposite case is given by σ i , i = N R, which is the fusion calculation when resonance states are omitted. σ i , i = el, corresponds to fusion through the elastic incident channel without couplings to continuum breakup states of the projectile.
The dashed, dashed-dotted, and dotted lines in Figs.  (3a-3d) [38] . To facilitate comparison between the two projectiles, we reproduce these results in Figs. (4a-4e) . The dashed-lines show the results when couplings to resonance states 3 + , 2 + , 1 + are considered while the dashed-dotted lines correspond to nonresonance states. Figs.(3) and (4) that the effect of continuum couplings on total fusion is stronger for 6 Li than for 7 Li, for all targets. For instance, for 6 Li with the target 28 Si, Γ el increases as the energy approaches the barrier, while for 7 Li+ 27 Al, Γ el rapidly approaches to smaller values. For targets 59 Co and 209 Bi, Γ el peaks at smaller values for 7 Li than for 6 Li. We also notice than the omission of couplings to resonance states, shown by the dashed-dotted lines, has a very strong effect on fusion. As a matter of fact, not only Γ N R reaches higher values for reactions with 6 Li than for 7 Li for similar targets, but also Γ N R > Γ el for the heavier targets at low energies. This means, that when couplings to resonance states of the projectiles are accounted for, they should produce a very strong fusion suppression. This finding is supported by the calculations in which nonresonance states are omitted, i.e., Γ R (dashed-lines) has smaller values than Γ N R (dashed-dotted lines) in all cases. That is, fusion through resonance states is more significant than through nonresonance ones. Also, it is observed that for high energies Γ R and Γ N R approach to similar decreasing values. The energy dependence of Γ R and Γ N R of Figs. (3) and (4) can be understood in terms of the prompt breakup of nonresonance states and the delayed breakup of resonance ones. Nonresonance states breakup as soon as, the projectile interacts with the target, mainly by Coulomb excitation. At low collision energies, close to the barrier, these states may have a more significant contribution to ICF and NCBU processes. At very high energies, well above the barrier, resonance and nonresonance states contribute mainly to CF. In this situation, the projectile is captured by the target without a previous breakup. This explains why Γ R and Γ N R approach to a similar decreasing behavior. On the other hand, resonance states can play a very peculiar role on fusion at collision energies around the barrier. Those resonance states with shorter half-lives may breakup when approaching the target and contribute mostly to ICF than to CF. On the contrary, those resonance states with longer half-lives can have a more important effect on CF and even may breakup (from a time-dependent classical viewpoint [32] ) during the outgoing branch of the projectile-target trajectory. In this interpretation, long lived resonance states do not have any effect on fusion.
It is observed in
In the next calculations, we try to disentangle the particular effects on fusion produced by a single resonance state of the projectiles 6, 7 Li. We study these effects by omitting couplings to that resonance state from the full discretized energy space. For instance, for the case of 6 −22 s and ∼ 1.56·10 −22 s respectively) than the typical collision time, may breakup during the incoming part of the trajectory and contribute mostly to ICF. Couplings to these resonance states produce repulsive polarization potentials that suppress fusion. It is important to point out that total fusion is dominated by incomplete fusion at very low energies for many nuclear systems involving weakly bound projectiles. For instance, for 6 Li+ 144 Sm, ICF is several orders of magnitude more significant than CF at energies of around 5 MeV below the barrier [49] . This fact is in accordance with our calculations because, fusion through resonances 2 + and 1 + approaches to TF, σ T F , at energies below the barrier, where ICF becomes more significant. (c) Nonresonance states breakup promptly and mostly feed non-capture breakup.
As for the projectile 7 Li, this nucleus shows resonances l = 3, 7/2 − and 5/2 − (represented in Fig.1d) At high energies both effects tend to be similar and decreasing for all targets, that is, resonance states contribute mainly to CF. However, as the energy approaches the barrier, we observe that Γ 5/2 − (7/2 − omitted) diminishes more rapidly than Γ 7/2 − (5/2 − omitted) for the heavier targets. This means that fusion is more strongly suppressed by this resonance. At even lower energies as those shown in Figs. (5b) and (5d), it is expected that Γ 5/2 − and Γ 7/2 − approach to lower values. Performing CDCC calculations at even smaller energies produces computational instabilities and were not carried out. So, at energies around and below the barrier, where total fusion starts being dominated by ICF, both resonance states 5/2 − and 7/2 − contribute mostly to it. Notwithstanding, the significance of the state 5/2 − becomes more important as the target mass increases.
III. SUMMARY
CDCC calculations of total fusion cross sections have been presented for the weakly bound 6, 7 Li projectiles with a diversity of stable targets. The effect of resonance and nonresonance breakup states of these projectiles on total fusion has been studied by omitting couplings to those breakup sub-spaces from the complete discretized breakup space for 6, 7 Li. For 7 Li, it has been found that −21 s), breakup occurs during the incident part of the projectiletarget trajectory, and thus have a more significant effect on the incomplete fusion process at low energies.
